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ABSTRACT 


The  conversion  of  liquid  resin  to  solid  thermoset  during  the  process 
of  cure  can  be  monitored  using  a  substrate  coated  with  the  reactive  system 
as  the  specimen  in  a  torsion  pendulum  experiment  (TBA) .  Measurement  of 
times  to  gelation  and  vitrification  at  a  series  of  temperatures  results 
in  an  isothermal  time-temperature-transformation  (TTT)  cure  diagram  which 
can  be  used  for  comparing  different  systems.  In  this  report  molecular  and 
macroscopic  TTT  cure  diagrams  are  considered:  it  is  demonstrated  that  TBA 
is  a  convenient  method  for  generating  macroscopic  TTT  cure  diagrams.  The 
influence  of  chemical  structure  on  the  kinetics  and  macroscopic  properties 
was  investigated  by  comparing  aliphatic  and  aromatic  tetrafunctional  amines 
with  diepoxides  of  varying  molecular  weights.  The  paper  also  describes 
automation  of  the  TBA  instrument  using  a  desk-top  calculator. 


INTRODUCTION 


The  torsion  pendulum  has  proven  to  be  an  Important  and  versatile  tool 
in  the  study  of  dynamic  mechanical  properties  of  materials.  In  our  labora¬ 
tory  it  has  been  applied  primarily  to  polymers ,  although  elsewhere  it  has 
been  applied  to  a  vide  variety  of  materials,  ranging  from  liquids  to  metals 
and  ceramics.  The  basis  of  its  vide  appeal  lies  in  its  fundamental  simpHc* 
lty:  information  about  the  complex  modulus  of  the  material  under  investi¬ 
gation  is  obtained  by  simply  observing  the  decaying  oscillations  of  the 
pendulum.  After  the  pendulum  is  set  in  motion,  it  is  permitted  to  oscil¬ 
late  freely  at  lt6  resonant  frequency  while  the  amplitude  of  the  oscilla¬ 
tory  wave  decays.  In  an  unautomated  system  it  is  a  relatively  simple  but 
tedious  task  to  calculate  the  shear  modulus  (or  rigidity)  and  the  loss 
modulus  from  the  period  of  the  oscillation,  its  logarithmic  decrement  and 
the  geometric  constants  of  the  system.  The  independent  variable  in  the 
investigation  of  dynamic  mechanical  properties  of  a  material  is  often 
temperature,  but  it  can  also  be  time,  as  in  the  case  of  chemically  reactive 
or  physically  aging  systems. 

The  technique  is  made  more  versatile  by  using  a  supported  specimen 
as  in  Torsional  Braid  Analysis  (TBA).  Impregnating  a  glass  braid  with  a 
solution  (or  melt)  facilitates  fabrication  of  a  mounted  specimen,  permits 
use  of  small  quantities  of  sample  (25  mg),  and  permits  study  of  the  speci¬ 
men  In  its  solid  and  liquid  states,  as  veil  as  its  change  in  state  from 
liquid  to  solid  and  vice  versa. 

In  this  paper  an  automated  Torsion  Braid  Analysis  technique  (1^1,J), 
controlled  by  a  digital  desktop  computer,  is  discussed,  and  its  utility  in 
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the  characterization  of  thermosetting  resins  is  illustrated  (4). 


INSTRUMENTATION 

A  schematic  diagram  of  the  present  torsion  pendulum  is  shown  in 
Figure  1.  The  pendulum  is  intermittently  set  into  motion  to  generate  a 
series  of  damped  oscillations  while  the  material  behavior  of  the  specimen 
changes  with  temperature  and/or  time.  The  non-driven,  free  oscillations 
are  initiated  by  the  step-displacement  of  an  upper  gear.  The  natural 
frequency  range  of  the  vibrations  is  0.05  to  5  Hz.  Conversion  of  the 
damped  oscillations  to  electrical  analog  signals  is  accomplished  using  an 
optical  transducer. 

A  key  factor  in  the  instrumentation  was  the  development  of  a  non¬ 
drag,  optical  transducer  which  produces  an  electrical  response  which  is  a 
linear  function  of  the  angular  deformation  of  the  pendulum.  A  polarizing 
disc  is  currently  employed  as  the  inertial  member  of  the  pendulum  and  a 
stationary  second  polarizer  is  positioned  in  front  of  a  photocell  whose 
response  is  a  linear  function  of  intensity.  The  intensity  of  light  trans¬ 
mission  through  two  polarizers  is  a  cosine  squared  function  of  their 
angular  displacement.  Over  a  useful  range  symmetrical  between  the  crossed 
and  parallel  positions  of  the  pair  of  polarizers,  the  transmission  func¬ 
tion  approaches  linearity.  As  the  properties  of  the  specimen  change, 
twisting  of  the  specimen  may  cause  the  transducer  to  drift  out  oi  the 
linear  range.  The  automated  system  was  designed  to  compensate  for  this. 

The  specimen  is  supported  in  the  cylindrical  vertical  shaft  in  a 
copper  block  around  which  are  band  heaters  and  cooling  coils  (for  liquid 
nitrogen) .  The  apparatus  operates  ever  a  temperature  range  of  -190*C  to 
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400°C  with  a  temperature  spread  of  <  1°C  over  a  2-inch  specimen.  A 
temperature  programmer/controller  system  permits  experiments  to  be  per¬ 
formed  with  linearly  increasing,  linearly  decreasing,  and  isothermal 
(±  0.1°C)  temperature  modes.  Measurements  have  been  made  from  4°K  and  to 
700°C  in  other  apparatuses.  The  atmosphere  is  tightly  controlled:  inert, 
water-doped  and  reactive  gases,  and  vacuum  have  been  used.  There  are  no 
electronic  devices  within  the  specimen  chamber.  Dry  helium,  rather  than 
nitrogen,  is  used  as  an  inert  atmosphere  because  of  its  higher  thermal 
conductivity  at  low  temperatures.  An  on-line  electronic  hygrometer  con¬ 
tinuously  monitors  the  water  vapor  content  of  atmospheres  from  <  20  to 
20,000  parts  per  million  H2O. 

The  substrate  which  is  generally  used  in  a  TBA  experiment  is  a  loose 
heat-cleaned  glass  braid  containing  about  3600  filaments  (Figure  2).  The 
large  surface  area  of  the  assembly  of  filaments  permits  pickup  of  rela¬ 
tively  large  amounts  of  fluid  and  minimizes  flow  due  to  gravity.  The 
contribution  of  the  substrate  to  torsional  properties  of  the  composite 
specimen  is  minimized  by  using  multifilaments  (rather  than  a  rod).  A 
braid  is  employed  in  an  attempt  to  balance  twists  in  the  component  yarns. 
Solvent  is  removed  from  the  solution-impregnated  braid  in-situ  by  heating 
above  the  boiling  point  of  the  solvent  and  into  the  fluid  state  of  the 
polymer  (compatible  with  thermal  stability).  The  apparatus  can  also 
accommodate  homogeneous  specimens  for  conventional  quantitative  torsion 
pendulum  studies  [as  in  ASTM  D-2236  (5)]. 

Substrates  other  than  glass  braids  have  been  used;  these  include 
glass,  carbon,  cellulose  and  aramid  fibers,  metal  foil  (copper  and  aluminum), 
paper,  single  glass  filament  (as  in  fiber  optics),  metal  wire,  and  plastic 
film  (polyimide) . 
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Material  has  been  deposited  on  the  substrate  from  solution,  melt, 
emulsion  and  suspension  (aqueous  and  non-aqueous) ,  and  from  powder  (by 
heating  the  substrate  with  an  air-gun) . 

Two  dynamic  mechanical  properties  of  the  specimen,  rigidity  and 
damping,  are  obtained  from  the  frequency  and  decay  constants  which  charac¬ 
terize  each  wave.  The  TBA  experiment  provides  plots  of  relative  rigidity 
2 

(1/P  ,  where  P  is  the  period  in  seconds)  and  logarithmic  decrement 

[A  =  ln(0^/0^+^),  where  0  is  the  amplitude  of  the  i11*1  oscillation  of  a 

freely  damped  wave).  The  relative  rigidity  is  directly  proportional  to 

the  in-phase  or  elastic  portion  of  the  shear  modulus  (G');  for  example, 

for  rod  specimens  of  radius  r  and  length  L  and  for  an  oscillating  system 

2  4 

with  moment  of  inertia  I,  G'  s  (1/P  ) (8irIL/r  )  The  logarithmic  decrement 
is  directly  proportional  to  the  ratio  of  the  out-of-phase  or  viscous  por¬ 
tion  of  the  shear  modulus  (G")  to  G'  (A  s  ttG"/G’  =  iTtanfi  where  5  is  the 
phase  angle  between  the  stress  and  strain).  G'  and  G"  are  material 
parameters  of  the  specimen  which  characterize  the  storage  and  loss  of 

mechanical  energy  on  cyclic  deformation,  respectively.  The  energy  stored 

2  2 

during  each  cyclic  deformation  is  h  G’e  at  strain  e  and  irG"e  is  an 

max 

approximation  for  the  energy  dissipated  per  cycle,  where  cmax  is  the  peak 
strain. 

A  photograph  of  a  pendulum/computer  system  which  has  been  used  since 
1979  is  shown  in  Figure  2.  It  shows  the  pendulum  (enclosed  in  a  cabinet, 
top  left;  cabinet  door  open,  bottom  left)  and  the  major  components  of  the 
assembly.  The  temperature  controller,  digital  voltmeter,  scanner,  and 
computer  are  in  the  rack  at  the  right.  The  printer  is  to  the  left  of  the 
rack,  the  plotter  is  to  its  right.  The  analog  temperature  and  wave  signals 
are  continuously  monitored  on  a  two-pen  strip-chart  recorder.  An  atmosphere 
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control  panel  and  liquid  nitrogen  container  are  shown  in  the  background. 

Film  and  impregnated  braid  specimens  are  shown  at  the  bottom  right 
of  Figure  2.  A  film  is  shown  assembled  with  upper  and  lower  extension  rods 
ready  for  lowering  into  the  apparatus  and  then  coupling  with  the  polarizer 
disc  of  the  transducer  (shown  bottom  right).  The  polarizer  disc  contains 
a  magnet  at  its  center  which  couples  to  the  end  of  the  lower  extension 
rod.  Dimensions  of  specimens  are  selected  so  as  to  provide  periods  of 
oscillation  in  the  range  0.2  to  20  s. 

The  system  schematic  for  interfacing  the  TBA  unit  to  a  desktop 
computer  which  can  synchronize  the  control  and  data  processing  of  the 
torsion  pendulum  to  produce  results  in  real  time  is  shown  in  Figure  3. 
Earlier  experience  (6)  with  a  hierarchical  digital  computer  system  aided 
the  development  of  the  presently  used  data  processing  schemes  (7) . 

For  each  damped  wave  the  computer  goes  through  a  control  sequence, 
which  is  schematically  represented  in  Figure  4.  An  alignment  motor  rotates 
the  pendulum  (or  the  "stationary"  polarizer)  to  the  same  reference  position 
at  the  start  of  each  control  sequence.  To  initiate  the  oscillations,  a 
second  motor  then  rotates  the  pendulum  a  specified  angular  displacement 
against  the  tension  of  a  spring.  The  pendulum  is  held  in  this  cocked 
position  until  any  oscillations  set  up  by  the  alignment  and  cocking  have 
subsided,  at  which  time  the  clutch  of  the  second  motor  is  disengaged  and 
the  inertial  mass  swings  back  so  as  to  oscillate  about  the  reference 
position.  The  temperature  (or  time,  for  isothermal  experiments)  is  then 
measured  and  the  oscillation  data  are  collected  and  processed.  After  plot¬ 
ting  the  reduced  data,  the  oscillation  is  monitored  until  it  decays  to 
within  specified  limits  and  then  the  control  cycle  repeats. 
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The  response  function  of  the  torsion  pendulum  to  mechanical  excita¬ 
tion  is  described  to  good  approximation  by 

0  ( t)  =  0Qexp(-at)cos  (wt  +  <f>) 
which  is  a  solution  to  the  equation  of  motion  with  form 


fli  if  -  V  ■ 0 


where  w  is  the  angular  frequency,  4>  is  a  phase  angle  depending  on 
timing  of  data  acquisition,  and  0^,  (=  2a)  and  (  =  a2  +  w2)  a  _on- 

stants  where  a  is  the  exponential  decay  constant.  In  complex  format,  the 
equation  of  motion  is 

j2n 

1  — i  +  C(G’  +  iG") 0  =  0 

where  G'  and  G"  are  the  in-phase  and  out-of-phase  shear  moduli,  respectively, 
and  C  is  a  geometric  constant. 

Since  an  experiment  may  run  over  the  course  of  several  days  and 
generate  more  than  1000  damped  waves,  manual  techniques  for  reducing  the 
experimental  analog  waves  are  slow  and  tedious.  These  have  traditionally 
involved  measuring  the  decay  of  successive  peak  amplitudes  to  provide  the 
logarithmic  decrement  and  the  period  P(=  2  tt/oo)  for  each  wave.  The  data 
for  torsion  pendulum  studies  usually  are  presented  as  G*  and  A,  G'  and  G" 

(=  G'A/tt)  or  as  G'  and  tan6  (=  G"/G').  For  TBA  experiments,  due  to  the 
small  size  and  the  dependence  of  G'  on  the  inverse  fourth  power  of  the 
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radius,  the  irregular  geometry,  and  composite  nature  of  the  specimens, 

simplified  parameters  have  been  used.  These  parameters,  which  refer  to 

2 

the  composite  specimen,  are  relative  rigidity  (1/P  )  and  the  logarithmic 
decrement  (A). 


TIME-TEMPERATURE-TRANSFORMATION  (TTT)  CURE  DIAGRAMS 


The  cure  of  thermosetting  systems  can  be  considered  on  a  molecular 
as  well  as  a  macroscopic  level.  On  the  macroscopic  Time-Temperature- 
Transformation  (TTT)  cure  diagram  (Figure  5)  the  cure  can  be  characterized 
by  the  resin's  rheology  as  a  function  of  time  and  isothermal  temperature. 

The  boundaries  between  the  regions  delineated  in  Figure  5  are  not  as  sharp 
as  indicated,  but  rather  diffuse;  the  time/temperature  at  which  a  transi¬ 
tion  occurs  depends  on  the  frequency  of  the  test  method  and  the  dynamic 
mechanical  property  used  to  monitor  it.  ("Transition"  is  used  in  this 

paper  to  denote  a  change  from  one  state  to  another.)  Between  nT^'  and 

8®  — 

Tg^  the  viscous  liquid  changes  to  a  viscoelastic  fluid,  then  to  a  rubber 
and  finally  to  a  glass.  The  "S"-shaped  curve  indicates  the  onset  of  vitri¬ 
fication  which  represents  the  time  at  which  the  glass  transition  tempera¬ 
ture  of  the  reacting  system  has  reached  the  isothermal  temperature  of 
cure.  Tg^  is  the  glass  transition  temperature  of  the  fully  cured  resin, 
above  which  the  system  is  a  rubber  in  its  fully  cured  state.  As  indicated 
in  Figure  5  the  time  to  vitrification  passes  through  a  minimum  between 
ge^Tg  and  Tg^.  This  behavior  reflects  the  competition  between  the  increased 
rate  constant  for  reaction  and  the  increasing  chemical  conversion  required 
to  achieve  vitrification  as  the  temperature  is  increased.  Also,  as  indi¬ 
cated  in  Figure  5,  the  time  to  vitrification  passes  through  a  maximum 


between  Te  and  Te'  This  latter  behavior  reflects  the  competition  between 

resin  6  gel  6 

the  temperature  and  time-dependences  of  viscosity  of  the  reacting  system. 

A  liquid-to-rubber  transition  curve  indicates  the  onset  of  the  rubbery 
plateau.  At  lower  isothermal  temperatures  (approaching  resinTg)  the  state 
of  the  resin  changes  directly  from  a  liquid  to  a  glass  without  going  through 
an  intermediate  rubbery  state  because  of  its  low  molecular  weight.  jTg‘ 
represents  the  lowest  isothemal  cure  temperature  which  will  result  in  a 
material  with  elastomeric  properties;  below  ^Tg'  the  solid  formed  iso- 
thermally  will  be  ungelled  glass  which  on  heating  gives  a  viscous  liquid 
(before  further  reaction  occurs).  Below  .  Tg  the  resin  remains  as  un¬ 
gelled  glass  with  essentially  no  chemical  reactivity. 

The  remaining  curve  in  Figure  5  is  considered  to  represent  an  iso¬ 
viscosity  contour.  A  rheological  parameter  often  measured  in  thermosetting 
resins  is  the  time  to  reach  a  particular  viscosity  (usually  a  function  of 
the  measurement  technique)  which  is  often  identified  as  the  gel  point. 

At  the  molecular  level,  isothermal  cure  of  thermosetting  systems  is 
characterized  by  (molecular)  gelation  at  a  particular  chemical  conversion 
(8,90  (depending  on  the  functionality  of  the  reactants)  and  by  a  continual 
reduction  of  molecular  mobility  and  chemical  reactivity  caused  by  increas¬ 
ing  molecular  weight  and  crosslinking.  Extent  of  conversion  contours  (one 
of  which  is  the  gelation  curve)  on  an  isothermal  molecular  TTT  cure  diagram 
(Figure  6)  indicate  that  the  reaction  becomes  diffusion  controlled  and 
eventually  quenched,  regardless  of  whether  or  not  gelation  has  occurred. 

The  temperature  at  which  the  time  to  gel  equals  the  time  to  vitrify  is 


defined  as  ge^Tg;  the  resin  will  not  gel  below  this  temperature.  This  is 
related  to  the  temperature  ^g’  at  which  the  liquid-to-rubber  transition 


disappears  in  the  macroscopic  TTT  cure  diagram. 

Each  point  on  the  TTT  cure  diagrams  represents  a  unique  state,  inde¬ 
pendent  of  the  path  by  which  it  was  attained,  only  if  the  system  is  homogen¬ 
eous  and  the  cure  is  limited  to  a  single  reaction  path.  If  the  system  is 
non-homogeneous ,  phase  separation  (morphology  and  solubility)  may  be  a 
function  of  the  cure  temperature.  In  a  system  where  competing  reactions 
exist  the  cure  temperature  will  determine  the  favored  reaction  path.  In 
the  absence  of  these  compl ications ,  an  isocure  path  would  follow  the  extent 
of  conversion  curve  if  the  temperature  were  to  change  (10) . 

The  molecular  and  macroscopic  TTT  diagrams  are  related  in  that  the 
liquid-to-rubber  transition  is  associated  with  gelation  and  the  molecular 
Tg  (quenching  of  reaction  curve)  is  associated  with  vitrification  (macro¬ 
scopic  Tg).  The  thermosetting  process  (cure)  involves  four  states:  liquid, 
gelled  rubber,  ungelled  glass  and  gelled  glass. 

TTT  cure  diagrams  can  be  used  for  studying  chemical  structure/physical 
property  relationships  because  each  system  is  unique  with  respect  to  both 
the  kinetics  of  cure  and  the  physical  properties.  In  order  to  study  structure/ 
property  relationships  of  thermosetting  systems  they  must  be  cured  above  Tg^ 
to  ensure  that  they  have  been  fully  cured.  If  they  are  not  fully  cured,  their 
properties  will  depend  on  the  extent  of  cure,  as  well  as  their  chemical  struc¬ 
ture  and  morphology.  The  purpose  of  the  present  work  is  to  use  isothermal 
TTT  cure  diagrams  and  dynamic  mechanical  temperature  scans  of  incompletely 
and  fully  cured  systems  as  a  basis  for  investigating  structure/property  rela¬ 
tionships  in  epoxy/amine  systems. 
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MATERIALS  AND  PROCEDURE 

Each  of  a  series  of  difunctional  epoxies  of  the  diglycidyl  ether  of 
bisphenol  A  type  (i.e.  Shell  Epon  825,  Epon  828,  and  Epon  834)  was  reacted 
with  stoichiometric  quantities  (1  epoxy/1  amine  hydrogen)  of  diaminodiphenyl- 
sulfone  (DDS:  Aldrich).  The  Epon  828  was  also  reacted  separately  with 
4,4'-methylenedianiline  (MDA:  Aldrich),  bis (p-aminocyclohexyl)methane 
(PACM-20:  DuPont),  and  trimethyleneglycol  di-p-aminobenzoate  (TMAB:  Polaroid). 
Their  chemical  structures  are  illustrated  in  Figure  7. 

Macroscopic  TTT  cure  diagrams  were  generated  from  torsion  braid  analysis 

(TBA)  experiments  in  which  the  relative  rigidity  (“G'),  and  logarithmic 

decrement  (A)  were  obtained  from  the  damped  oscillations  of  the  freely  decaying 

torsion  pendulum  ('v  1  Hz).  The  supported  specimens  were  made  by  dipping  a 

glass  braid  in  a  solution  of  the  epoxy  and  amine  in  methylethylketone,  except 

in  the  case  of  Epon  828/PACM-20  which  was  applied  neat  since  it  is  a  liquid 

at  room  temperature.  The  specimens  were  then  mounted  in  the  TBA  apparatus 

at  the  temperature  of  cure  in  a  helium  atmosphere  and  their  moduli  were 

monitored  as  a  function  of  time.  Transitions  which  occur  during  cure  were 

identified  by  the  maxima  in  the  logarithmic  decrement  curves  of  the  dynamic 

mechanical  plots.  Having  cured  the  specimens  until  the  reaction  was  quenched, 

as  indicated  by  the  levelling  off  of  the  modulus,  thermomechanical  spectra 
at  1.5°C/min. 

were  obtained  *  first  cooling  the  specimen  to  -190°C  and  then  heating  it  to 
250°C  to  obtain  the  spectrum  of  the  partially  cured  resin.  The  specimens 
were  then  cycled  between  250°C  and  -190°C  until  there  was  no 
further  change  in  Tg,  indicating  that  the  cure  was  complete.  In  this  way 
Tg^,  as  well  as  the  spectra  of  the  fully  cured  resins  were  obtained  for  each 


cure  temperature. 
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A  typical  isothermal  plot  (11)  shown  in  Figure  8,  displays  three  dis¬ 
tinct  processes.  The  elapsed  time  to  each  of  these  events  is  plotted  vs. 
the  isothermal  cure  temperature  and  in  this  way  each  of  the  curves  on  the 
macroscopic  TTT  cure  diagram  is  generated.  Examples  of  the  thermomechanical 
spectra  of  the  isothermally  cured  resin,  and  the  subsequent  fully  cured  resin 
are  shown  in  Figure  9.  Note  that  both  the  glassy  state  relaxation,  Tgec,  and 
Tg  increase  with  increasing  extent  of  cure,  and  that  the  rigidity  of  the 
undercured  resin  is  greater  than  that  of  the  fully  cured  resin  in  the  region 

between  T  and  Tg  (12  ,  13). 

sec  —  — 

Dynamic  viscosity,  G'  and  G"  for  Epon  828/PACM-20  were  also  obtained 
from  oscillatory  shear  measurements  at  1.6  Hz  in  a  nitrogen  atmosphere  using 
a  Rheometrics  Dynamic  Spectrometer.  Samples  were  placed  between  parallel 
plates  25  mm  in  diameter,  0.5  mm  apart  and  cured  isothermally.  The  maxima 
in  G"  and  the  preceding  shoulder,  as  well  as  the  two  corresponding  stages  in 
G'  (Figure  10)  provide  another  set  of  rheological  data  which  can  also  be 
plotted  on  the  TTT  diagram. 

Extent  of  conversion  data  for  the  molecular  TTT  diagram  have  been  ob¬ 
tained  by  IR  techniques  [Figure  11  (11 ,  14) ]  and,  in  principle,  can  also  be 
obtained  by  differential  scanning  calorimetry  (DSC)  or  titration.  Theoret¬ 
ically,  molecular  gelation  occurs  at  a  specific  extent  of  conversion.  The 
gel  point  at  any  given  temperature  can  be  estimated  from  a  plot  of  gel  frac¬ 
tion  vs.  time,  by  noting  the  time  at  which  the  resin  begins  to  be  insoluble. 
The  gel  fractions  of  the  isothermally  curing  resins  were  measured  periodically 
by  weighing  the  resin  fraction  insoluble  in  methylethylketone  (dichloro- 
methane  for  Epon  828/PACM-20) .  The  gel  fraction  data  for  the  Epon  828/PACM-20 
system  are  shown  in  Figure  12:  these  occur  between  70  and  80  per  cent  con¬ 
version  (Figure  11).  [The  gel  fraction  experiments  for  the  Epon  828/PACM-20 
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systems  were  performed  on  samples  cured  in  a  helium  atmosphere.  For  Epon 
825/DDS  and  Epon  834/DDS,  gel  fraction  experiments  were  performed  on  samples 
cured  in  air.  For  Epon  828/DDS,  in  which  cure  was  conducted  both  in  air  and 
helium,  the  gelation  times  were  the  same.] 

RESULTS  AND  DISCUSSION 

The  dynamic  mechanical  (TBA)  plots  of  the  fully  cured  resins  (Figure  13) 

show  that  whereas  the  glass  transition  temperature  (Tg^)  varies  for  each 

system,  the  broad  secondary  relaxation  (T  <  Tg  )  remains  at  approxi- 

secoo  00 

mately  -40°C,  indicating  that  it  is  probably  due  to  localized  backbone  motion 

in  the  epoxy  moiety  which  is  common  to  all  of  these  systems  (12 ,  15,  16) . 

The  Tg^  of  each  resin  was  obtained  by  cycling  between  -190°C  and  250°C  until 

there  was  no  further  change  in  Tg.  Figures  14-19  show  T  and  Tg  for  each 

sec 

of  the  resins  cured  isothermally  until  the  modulus  levels  off,  as  well  as 

T  and  Tg  of  the  fully  cured  resins,  as  a  function  of  cure  temperature, 
sec®  00 

The  Tg  of  the  resin  as  identified  by  the  maximum  in  the  logarithmic  decrement 

curve  is  higher  than  the  cure  temperature  (as  long  as  Tcure  is  below  Tg^) . 

At  vitrification  the  rate  of  diffusion  begins  to  dominate  the  kinetics  of 

the  reaction  but  the  reaction  is  not  quenched  until  the  glass  transition  has 

risen  well  above  the  cure  temperature.  This  difference  between  the  glass 

transition  temperature  and  the  temperature  at  which  molecular  motion  is 

quenched  is  evident  in  phenomena  such  as  sub-Tg  annealing,  and  predicted  by 

theoretical  expressions  such  as  the  WLF  equation  (17 ) .  The  difference 

Tg  -  Tcure  varies  with  each  resin  system,  and  is  tabulated  in  Table  I  along 

with  values  of  T  ,  Tg,  T  and  Tg  . 

sec  &  sec®  6<*> 
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Macroscopic  ITT  cure  diagrams  were  obtained  from  TBA  experiments  for 
each  of  the  six  epoxy/amine  systems.  Rheological  data  using  the  Rheometrics 
Dynamic  Spectrometer  were  obtained  only  for  Epon  828/PACM-20,  and  gel  frac¬ 
tion  data  were  obtained  for  all  except  those  cured  with  MDA  and  TMAB.  Com¬ 
posite  TTT  diagrams  are  presented  in  Figures  20-25  consisting  of  the  TBA, 
Rheometrics  and  gel  fraction  data.  Activation  energies,  obtained  by  plotting 
the  data  in  an  Arrhenius  fashion,  are  listed  in  Table  II.  With  the  exception 
of  Epon  828/PACM-20  which  is  the  only  aliphatic  amine  cured  system,  the 
activation  energies  of  the  epoxy  systems  studied  in  this  work  were  similar. 
Characteristic  parameters  of  the  TTT  cure  diagrams  are  listed  in  Table  III;  ge^Tg 

is  the  lowest  temperature  at  which  the  resin  gels,  and  .  Tg  is  the  cure 

min 

temperature  at  which  the  time  to  vitrify  is  a  minimum. 

The  results  fit  the  pattern  of  the  macroscopic  TTT  cure  diagram  (Figure 
5).  In  general  the  TBA  results  show  three  events,  except  for  the  Epon  828/DDS 
system  in  which  the  first  event  is  missing. 

The  third  event  is  associated  with  vitrification,  as  can  be  seen  for 
example  from  the  relative  rigidity  curve  of  Figure  8  which  indicates  a 
rubber-to-glass  transition  corresponding  to  the  third  maximum  in  logarithmic 
decrement.  The  entire  S-shaped  vitrification  curve  was  obtained  only  for  the 
Epon  828/PACM-20  system  (Figure  24),  since  it  was  the  only  one  in  which  a 
solvent  was  not  required  in  sample  preparation.  The  other  systems  all  show 
the  characteristic  upper  portion  of  the  S-shaped  curve.  The  G'  data  obtained 
from  the  Rheometrics  Dynamic  Spectrometer  parallel  the  TBA  relative  rigidity 
data  in  the  common  temperature  range  that  data  were  obtained.  The  lack  of 
exact  coincidence  may  be  due  to  the  transducer  in  the  Dynamic  Spectrometer 
approaching  its  upper  limit. 
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The  second  event  (Figure  8)  can  be  associated  with  the  liquid-to-rubber 

transition  curve  above  ge^Tg'.  The  modulus  shows  a  cr .responding  rise  from  a 

liquid-to-rubbery  state  (Figures  8  and  10) ,  and  the  Rheometrics  data  (Figure  10) 

show  a  shoulder  in  G"  which  corresponds  to  the  second  event  (TBA)  in  the  Epon 

828/PACM-20  system  (Figure  8).  Below  ^Tg',  the  shoulder  in  the  Rheometrics 

Dynamic  Spectrometer  G"  data  is  not  evident  and  G'  shows  only  a  liquid-to-glass 

transition.  The  TBA  data  exhibit  the  transition  prior  to  vitrification  over 

the  entire  temperature  range;  above  ..Tg'  it  corresponds  to  the  liquid-to- 

8  or  may  not 

rubber  transition,  but  between  .  Tg  and  ,Tg'  it  may^be  attributed  to  the 

resin  gel  J 

composite  nature  of  the  specimen.  A  similar  effect  called  the  liquid-liquid 

transition  ("T^")  has  been  observed  in  TBA  measurements  of  amorphous  thermo- 
which 

plastics  ( 18 j  in- at  high  molecular  weights  (M^  >  M^,  where  is  the  critical 
molecular  weight  for  chain  entanglement),  this  transition  occurs  at  the  onset 
of  the  rubbery  plateau.  It  persists  even  at  low  molecular  weight  just  as  it 
does  in  the  thermosetting  resins. 

The  first  event  may  be  associated  with  an  isoviscosity  level.  The 
interactions  of  the  viscous  liquid  and  the  braid  in  a  TBA  experiment  give 
rise  to  a  maximum  in  logarithmic  decrement,  as  the  viscosity  increases  (19 ,  20 ) • 
Other  methods  of  monitoring  the  cure  of  thermosets  (rising  bubble,  stirring 
motor,  etc)  identify  (macroscopic)  gelation  with  different  viscosity  levels. 

Complementary  Continuous  Heating  Transformation  (CHT)  cure  diagrams 
were  obtained  by  monitoring  the  dynamic  mechanical  properties  of  a  thermo¬ 
setting  resin  by  TBA  while  raising  the  temperature  at  a  series  of  constant 
rates.  A  temperature  scan  of  a  solid,  initially  unreacted,  resin  would  be 
expected  to  reveal  in  sequence:  Resj_nT8»  T^,  an  isoviscous  event,  an 
isoviscous  event  upon  reaction,  the  liquid-to-rubber  (or  T^) 


transition,  vitrification,  devitrification  and  degradation.  The  isoviscous 
transitions  would  be  observed  only  when  the  viscosity  of  the  resin  is  below 
the  isoviscous  level.  The  scans  in  Figure  26  clearly  show  Tg,  T  ,  the 

&  vwXIl  x  x 

liquid-to-rubber  transition,  and  vitrification,  in  addition  to  another  glass 
transition  (devitrification)  and  a  high  temperature  event  corresponding  to  an 
intramolecular  rearrangement  reaction  (11) .  The  number  of  events  observed 
depends  on  the  heating  rate;  if  the  heating  rate  is  too  fast  the  vitrified 
state  will  be  missed.  The  CHT  diagram  is  generated  by  plotting  the  tempera¬ 
ture  vs.  the  time  at  which  the  events  were  observed.  As  one  example,  the 
CHT  diagram  for  Epon  828/PACM-20  is  shown  in  Figure  27. 

Although  the  CHT  diagram  has  the  same  features  as  the  TTT  cure  diagram, 
albeit  in  a  somewhat  skewed  form,  it  has  a  practical  value.  Most  of  the 
features  of  the  CHT  diagram,  such  as  resinTS»  gelT^'  and  Tg°»  can  be  obtained 
from  3  to  4  temperature  scans  whereas  many  more  are  required  for  the  TTT  cure 
diagram.  Furthermore,  the  choice  of  cure  temperatures  is  more  critical  in 
the  case  of  the  TTT  diagrams  especially  when  the  characteristic  parameters 
of  a  system  are  unknown. 

The  results  also  fit  the  pattern  of  the  molecular  TTT  cure  diagram 
(Figure  6).  The  extent  of  conversion  data  obtained  isothermally  by  FT-IR 
(Figure  11)  for  the  Epon  828/PACM-20  system  follow  the  trend  indicated  in 
Figure  6.  As  the  extent  of  conversion  curves  approach  the  S-shaped  glass 
transition  curve  they  become  horizontal  lines  as  the  reaction  becomes  dif¬ 
fusion  controlled  and  ultimately  is  quenched.  The  gelation  curve  (determined 
from  gel  fraction  data)  lies  parallel  to  the  extent  of  conversion  curves; 
and  for  Epon  828/PACM-20  lies  between  70  and  80%  extent  of  conversion.  In 
the  other  systems  for  which  gel  fraction  data  were  obtained,  the  gelation 
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curves  follow  the  same  form.  For  Epon  828/PACM-20  the  lowest  temperature  at 
which  gel  fractions  were  obtained  was  50°C  whereas  for  the  epoxy  resins  cured 
with  DDS  the  lowest  temperature  was  102 °C.  The  TTT  cure  diagrams  show  that 
the  extrapolated  gelation  curve  crosses  the  vitrification  curve  just  below 
this  temperature  (50°C  for  PACM-20,  102°C  for  DDS),  which  corresponds  to 
gelTg  in  Figure  6. 

The  TTT  cure  diagrams  indicate  a  correspondence  between  gelation  and 
the  liquid-to-rubber  transition,  as  well  as  between  ^Tg'  and  ^Tg.  Al¬ 
though  the  activation  energies  for  the  liquid-to-rubber  transition  are 
slightly  less  than  those  obtained  for  gelation  (Table  II) ,  there  is  a  close 
correlation  between  the  two  events.  In  the  one  case  where  an  activation  energy 
was  obtained  also  by  infrared,  which  might  be  considered  to  yield  a  more 
accurate  value,  the  liquid-to-rubber  transition  provides  a  lower  estimate 
whereas  gelation  (gel  fraction)  provides  a  higher  estimate.  A  comparison 
of  ig^  for  the  series  of  epoxies  cured  with  DDS  (Table  I)  indicates  that  Tg^ 
is  quite  sensitive  to  the  length  of  the  epoxy  molecule,  i.e.  the  distance 
betweer  crosslinks.  As  the  molecular  weight  of  the  epoxy  monomer  increases 
[as  n  (Figure  7)  increases  from  0  to  0.6]  Tg^  changes  from  220°C  to  183°C. 

On  the  other  hand,  Tg^  is  rather  insensitive  to  the  flexibility  of  the  curing 
agent.  One  would  expect  the  flexibility  to  increase  in  the  order:  MDA  < 
PACM-20  <  TMAB,  but  Tg^  is  approximately  the  same  (165 °C)  for  all  of  them. 

The  difference  in  Tg^  for  Epon  828/DDS  and  Epon  828/MDA,  Epon  828/PACM-20, 
or  Epon  828/TMAB  can  be  attributed  to  the  polarity  of  the  DDS  moeity  and  its 
capability  of  being  a  site  for  hydrogen  bonding,  which  could  increase  the 
apparent  crosslink  density  thereby  giving  rise  to  the  higher  glass  transition 


temperature. 


The  difference  in  the  reactivity  of  the  curing  agents  is  also  demon¬ 


strated  in  the  TTT  diagrams.  Although  the  energy  of  activation,  E  ,  (Table  II) 
as  determined  from  gelation  data,  is  practically  the  same  for  all  but  one  of 
the  curing  agents  investigated  in  this  work,  the  rates  of  reaction  vary  widely. 
This  can  be  seen  from  the  horizontal  shift  in  the  gelation  and  vitrification 
curves.  The  curing  agents  ranked  in  order  of  decreasing  reactivity  are: 

DDS  <  TMAB  <  MDA  <  PACM-20. 

The  chemical  reactivity,  as  well  as  the  value  of  Tg^,  influence  the 
sharpness  of  the  upper  portion  of  the  TTT  diagram,  of  which  Tg^  -  ^  Tg 
(Table  III)  is  a  measure. 


CONCLUSION 

The  curing  process  can  be  understood  in  terms  of  the  molecular  and 
macroscopic  TTT  cure  diagrams,  as  the  complex  interaction  of  chemical  reaction 
and  changing  physical  properties.  No  single  technique  exists  with  which  one 
could  extract  both  macroscopic  and  molecular  level  information  from  a  thermo¬ 
setting  system.  However,  a  series  of  isothermal  TBA  experiments  can  provide 
a  qualitative  description  of  a  system's  TTT  cure  diagram,  including  res^nT8« 
Tg^,  the  S-shaped  vitrification  curve,  and,  through  the  correlation  of  the 
liquid-to-rubber  transition  with  gelation,  ge^T8*  This  procedure  has  been 
used  to  compare  various  amine-cured  epoxy  systems  from  the  point  of  view  of 
structure /oroperty  relationships . 
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TABLE 


I.  Cured  Resins 

(Figures  14-19): 

Characteristic  Parameters 

T 

sec 

T8» 

Tg-T 
e  cure 

(°C) 

(°C) 

(°C) 

Epon  825/DDS 

-35 

220 

24 

Epon  828/DDS 

-35 

210 

25 

Epon  834/DDS 

-37 

185 

20 

Epon  828/MDA 

-50 

168 

30 

Epon  828/PACM-20 

-33 

165 

30 

Epon  828/TMAB 

-40 

166 

24 

TABLE  II.  Activation  Energies  (Figures  20-25) 


* 

E  (isoviscous) 
a 

kcal/mole 

E  (liquid-to-rubber) 
a 

kcal/mole 

E  ‘  (gel) 

o 

kcal/mole 

E  * 
a 

kcal/mole 

Fpon  825/DDS 

11.5 

14.8 

16.6 

— 

Epon  828/DDS 

— 

14.3 

16.3 

— 

Epon  834/DDS 

10.0 

14.0 

15 . 7 

— 

Epon  828/MDA 

13.6 

15.4 

— 

Epon  828/PACM-20 

8.5 

10.7 

16.8 

12.6 

Epon  828/TMAB 

12.2 

13.7 

*TBA 

tgel  fraction 
^  infrared  (11) 


TABLE  III.  TTT  Cure  Diagrams  (Figures  20-25):  Characteristic  Parameters 

gelTg  (time)  minTg  (time)  TgM  -  minTg 


°C  (min) 

°C  (min) 

°C 

Epon  825/DDS 

100  (1000) 

200  (63) 

20 

Epon  828/DDS 

100  (1000) 

205  (30) 

5 

Epon  834/DDS 

100  (1000) 

170  (425) 

15 

Epon  828/MDA 

— 

130  (35) 

38 

Epon  828/PACM-20 

50  (165) 

130  (10) 

35 

Epon  828/TMAB 

— 

140  (300) 

27 

21 


FIGURE  CAPTIONS 

Figure  1.  Automated  torsion  pendulum:  schematic.  An  analog  electrical 
signal  results  from  using  a  light  beam  passing  through  a  pair 
of  polarizers,  one  of  which  oscillates  with  the  pendulum.  The 
pendulum  is  aligned  for  linear  response  and  initiated  by  a 
computer  that  also  processes  the  damped  waves  to  provide  the 
elastic  modulus  and  mechanical  damping  data,  which  are  plotted 
on  an  XYY  plotter  versus  temperature  or  time. 

Figure  2.  Automated  torsion  pendulum:  photograph  of  apparatus  (see  text). 

Figure  3.  Automated  torsion  pendulum:  system  schematic  for  interfacing 
with  a  digital  computer.  The  torsion  pendulum  has  been 
interfaced  with  a  digital  desktop  computer  (HP-9825B) .  The 
motors  which  align  the  specimen  and  initiate  the  waves  are 
under  computer  control.  The  wave  and  amplified  analog  thermo¬ 
couple  signals  reach  the  computer  digitized  via  a  digital 
voltmeter  (HP-3437A) .  The  scanner  (HP-3495A)  supervises  the  I/O 
activity.  Upon  receiving  the  digitized  raw  data  the  computer 
calculates  the  frequency  and  damping  parameters,  and  plots  the 
dynamic  mechanical  properties  of  the  specimen  as  a  function  of 
temperature  and  time. 

Figure  4.  Automated  torsion  pendulum:  control  sequence.  I)  Previous 

wave  decays,  drift  detected  and  correction  begins.  II)  Refer¬ 
ence  level  of  polarizer  pair  reached.  Ill)  Wave  initiating 
sequence  begins.  IV)  Decay  of  transients.  V)  Free  oscilla¬ 
tions  begin.  VI)  Data  collected.  VII)  Control  sequence 
repeated. 


22 


Figure  5.  Macroscopic  TTT  cure  diagram. 

Figure  6.  Molecular  TTT  cure  diagram. 

Figure  7.  Chemical  structures  of  epoxy  resins  and  amine  curing  agents. 

Figure  8.  Isothermal  cure  of  a  thermosetting  epoxy  (TBA) :  Epon  828/TMAB 
at  80°C.  In  general  three  events  are  discerned,  the  last  being 
vitrification,  and  the  second  gelation.  Times  to  each  of  these 
events  are  measured  for  different  isothermal  temperatures  as  a 
basis  for  generating  a  Time-Temperature-Transformation  cure  diagram 
for  the  particular  thermosetting  system  (see  Figures  20-25). 

Figure  9.  Dynamic  mechanical  spectra  of  Epon  828/TMAB  cured  at  80°C. 

Spectrum  A  is  obtained  on  cooling  to  -190°C  after  isothermal 
cure  (80°C)  (see  Figure  8).  Spectrum  B  is  obtained  after  heating 
to  250°C  to  completely  cure  the  resin. 

Figure  10.  Dynamic  mecharical  data  (Rheometrics) ,  G'  and  G" ,  obtained  by 
isothermally  curing  Epon  828/PACM-20  at  several  temperatures. 

Figure  11.  Extent  of  conversion  data  obtained  by  monitoring  the  ratio  of 
the  1184  cm  ^  and  915  cm  *  peaks  in  the  FT-IR  spectrum  of 
Epon  828/PACM-20  as  a  function  of  time  at  different  temperatures, 
superimposed  on  the  gelation  and  vitrification  curves  of  the  TTT 
cure  diagram  for  that  system  (Figure  24). 

'’igure  12.  Gel  fraction  data  for  Epon  828/PACM-20.  Gel  points  were 

obtained  by  monitoring  the  gel  fraction  of  the  resin  during 
cure  in  a  helium  atmosphere. 
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Figure  13.  TBA  spectra  of  fully  cured  epoxy  systems: 

a)  relative  rigidity 

b)  logarithmic  decrement. 

Specimens  were  cured  isothermally  (at  the  designated  temperature) 
and  post-cured  by  cycling  to  250°C. 

Figure  14.  T  ^  ar*d  Tg  as  a  function  of  cure  temperature  for  Epon  825/DDS. 

*as  cured,  +post-cured. 

Figure  15.  Tsec  and  Tg  as  a  function  of  cure  temperature  for  Epon  828/DDS. 

*as  cured,  +post-cured. 

Figure  16.  T  and  T8  as  a  function  of  cure  temperature  for  Epon  834/DDS. 

*as  cured,  +post-cured. 

Figure  17.  Tsec  and  Tg  as  a  function  of  cure  temperature  for  Epon  828/MDA. 

*as  cured,  +post-cured. 

Figure  18.  Tsec  and  Tg  as  a  function  of  cure  temperature  for  Epon  828/PACM-20. 
*as  cured,  +post-cured. 

Figure  19.  Tsec  and  Tg  as  a  function  of  cure  temperature  for  Epon  828/TMAB. 

*as  cured,  +post-cured. 

Figure  20.  TTT  cure  diagram  of  Epon  825/DDS,  including  TBA  and  gel  fraction 
data. 

Figure  21.  TTT  cure  diagram  of  Epon  828/DDS,  including  TBA  and  gel  fraction 


data. 
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Figure  22.  TTT  cure  diagram  of  Epon  834/DDS,  including  TBA  and  gel  fraction 
data. 

Figure  23.  TTT  cure  diagram  of  Epon  828/MDA,  TBA  data. 

Figure  24.  TTT  cure  diagram  of  Epon  828/PACM-20,  including  TBA,  Rheoraetr ics, 
and  gel  fraction  data. 

Figure  25.  TTT  cure  diagram  of  Epon  828/TMAB,  TBA  data. 

Figure  26.  Temperature  Scans  of  Epon  828/PACM-20  from  -50°C  to  275°C  at 

various  scanning  rates:  a)  relative  rigidity;  b)  logarithmic 
decrement . 


Figure  27.  CHT  diagram  of  Epon  828/PACM-20:  temperature  scans  were  performed 
at  0.05,  0.1,  0.2,  0.5,  1.0,  1.5,  2.0,  and  4.0°C/min.  from  -50 °C 
to  275°C. 

Symbols:  A  vitrification; 

O  liquid-to-rubber  transition; 

□  isoviscous  phenomenon; 

*  intramolecular  rearrangement. 

Note  that  heating  rates  greater  than  2°C/min  are  required  to 
cure  the  resin  without  the  occurrence  of  vitrification. 
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